Objectives: The concept of cognitive reserve (CR) is defined as a moderator, which allows an individual to preserve cognition despite underlying brain pathology. There is no consensus of what potentially modifiable CR determinants are of greatest importance. The aim of this review was to identify life-course factors which protect older individuals from expressing cognitive decline despite the presence of brain pathology. Method: A systematic review search was performed in MEDLINE (1946-06/09/13), EMBASE (1947-06/09/ 13), and PsycheInfo (1967-06/09/13). We included studies examining CR in the context of the four commonest subtypes of dementia, mild cognitive impairment or healthy aging. Studies which combined measurement of underlying dementia-related neuropathology, cognitive function, and factors providing CR in a single model were accepted. We performed a qualitative synthesis of the results. Results: Thirty-four studies out of 9229 screened records met our inclusion criteria and were therefore quality assessed and data extracted. Variation in CR definition made comparison across studies difficult. One hundred and forty-four out of 156 models examined education and occupation: overall, 58% of eligible models classified education and 60% occupation as a CR determinant, with 12% and 44% of those, respectively, being of high quality. Within healthy population suitable to inform preventative interventions, there was consistent evidence for education having a protective effect on general cognition in the face of multiple brain burden measures, while occupation presented inconclusive results within cognitive groups. Conclusions: Further research on modifiable determinants of CR beyond education/occupation including early-life factors and consensus on CR definition are warranted.
Introduction
There are substantial individual differences in cognitive ability across the life-span (Deary et al., 2009 ). On average, knowledge-based abilities remain relatively stable into late-life, while fluid abilities decline with advancing age, starting in mid-life, contributing to cognitive decline (Mustafa et al., 2012; Nisbett et al., 2012) . Cognitive decline due to agerelated brain pathology is superimposed on premorbid interindividual differences in early-life. Identification of potentially modifiable life-course factors which protect older individuals from expressing cognitive deficits despite the presence of brain pathology would benefit individuals and societies (World Health Organization, 2012) .
Cognitive reserve (CR) theory posits that structural or functional features of the brain allow individuals to maintain normal functioning despite accumulating brain pathology. Modern methods operationalize CR as the discrepancy between actual cognition and functioning predicted by neuroimaging or autopsy-derived measures of brain pathology. To study CR properly, at least three measures are required: neuropathological biomarkers, cognitive performance and moderating factors which might explain the discrepancy between pathology and cognition (Christensen et al., 2007; Garibotto et al., 2012; . Ideally, a CR model also accounts for age-related or life-long cognitive change . Although there are multiple ways of measuring CR (Satz, Cole, Hardy, & Rassovsky, 2011) , possessing some 'reserve' means that one's cognitive ability in old age is greater than would be predicted from premorbid ability given a particular level of neuropathology . For a moderating factor to be classified as a CR determinant, it should be significantly associated with the disconnect between clinical and pathological phenotypes, i.e. the 'reserve' (Reed et al., 2010) .
CR is malleable throughout life and can be improved with intervention (Stern, 2012) . Education, occupation, and leisure activities are the most commonly studied modifiable determinants of CR (Opdebeeck, Martyr, & Clare, 2016; . However, there is no consensus of what determinants are of greater importance in providing greater CR, and to what extent specific CR proxies are malleable throughout the life-course (Jones et al., 2011) . Given the challenges of acquiring the life-course data to effectively measure CR , the majority of the CR studies do not take into account the three basic measures characteristic of the CR theory (i.e. neuropathological biomarkers, cognitive performance and a moderating factor) and only a few develop models of CR incorporating a measure of cognitive change. Also, a CR determinant might have a different effect on different cognitive domains in face of the same pathology (Elkins et al., 2006) . Other reviews focus on potentially modifiable CR determinants but do not specifically assess pathology as part of the CR model (Harrison et al., 2015; Opdebeeck et al., 2016) . Some take the life-course approach but are not systematic in nature (Whalley, Deary, Appleton, & Starr, 2004) . Knowing what determinants are at work, in what pathological and cognitive context may inform relevant policies and interventions.
The aim of this review is twofold: first, to identify lifecourse factors which protect older individuals from expressing cognitive deficits despite the presence of brain pathology based on studies employing a high-quality measure of CR; second, to assess and to evaluate the temporality of CR determinants across multiple measures of neuropathological biomarkers and across the spectrum of cognitive functions in health and disease. The review is concerned with the range of CR determinants and it does not examine further the neural mechanisms for how the CR determinants might work within the brain other than how they provide additional 'resilience' in the face of pathology.
Method
We performed a systematic review and narrative synthesis with quality assessment of individual CR models to obtain a more accurate picture of CR determinants (refer Supplemental Online Material and Underlying Research Material).
Eligibility criteria

Participants
We included studies which examined CR in the context of the four commonest subtypes of dementia (Alzheimer's disease (AD), vascular dementia (VaD), Lewy-body dementia (LBD), frontotemporal dementia (FTD)), mild cognitive impairment (MCI) or healthy aging. Only studies including older persons (mean age >60 years) met the inclusion criteria.
Determinants of CR
Premorbid cognitive domains and associated components, such as the assessment of literacy, are important components of CR theory; for example, they provide essential information to derive lifetime cognitive change models as already specified. However, here they were not classified as CR determinants per se.
The CR model
Only studies which included measurement of underlying dementia-related neuropathology, cognitive function, and CR determinants in a single statistical CR model were included. All three measures had to be stated a priori.
Types of study
Only primary studies with an abstract written in English were screened for final inclusion. We included studies with different methods to quantify brain pathology, i.e. neuroimaging, autopsy, cerebrospinal fluid (CSF), or plasma measures. We excluded following studies: involving only functional neuroimaging unless combined with other neuropathological biomarkers; focused on CR in clinical conditions other than dementia; examining pharmacological interventions.
Information sources
A systematic search was performed in MEDLINE (1946-06/09/ 13), EMBASE (1947-06/09/13), and PsycheInfo (1967-06/09/ 13). Our search strategy was constructed in collaboration with an information scientist. The search strategy reflected synonyms of CR. Due to the heterogeneity of CR definition, we combined our keyword strategy with the Medical Subject Heading for 'cognitive reserve.' The Ovid search in all fields was limited to human studies and included the following terms: [(cogniti* OR neur* OR brain OR synaptic) AND (reserve OR reserves OR resilien*)] OR 'cognitive reserve' (MeSH term). The PsycheInfo search was in addition restricted to 'middleaged', 'aged', and 'very old humans.'
Study selection
Two independent reviewers (Dorota Chapko (DC) and Roisin McCormack (RM)) screened all identified records, assessing them against eligibility criteria, and decided on studies included in the final analysis as prescribed by the PRISMA guidelines ( Figure S1 in Supplemental Online Material) (Moher, Liberati, Tetzlaff, Altman, & PRISMA Group, 2009 ). When disagreements arose, they were resolved by discussion between the two reviewers. If agreement could not be reached, the case was presented to the remaining senior review authors (Corri Black (CB), Roger Staff (RS) and Alison Murray (AM)) who made a final decision. Full-text articles that were excluded from the review are summarized in Table S1 in Underlying Research Material.
Data extraction
Data extraction template was piloted by the first author (DC) and checked by the second independent reviewer (RM). DC performed final data extraction and RM checked a sample. The data was extracted according to predefined data fields for consistency and to facilitate subsequent data presentation and synthesis (Note 1 in Supplemental Online Material).
Quality assessment
Data extraction fields were guided by the Scottish Intercollegiate Guidelines Network checklist (SIGN, 2013) as the first step towards the quality assessment. Due to the complex latent nature of CR, as well as the heterogeneity of study designs, we tailored the quality assessment criteria to our research question. Quality assessment of separate models within the studies, as well as the studies overall, was performed by DC and verified by the remaining investigators. To assess the limitations of individual statistical models within a single study, for each CR model, we calculated a summary score across five domains. The overall strength of evidence was calculated as the highest possible summary score for a single model within the study of interest. The five domains were the following: (1) Sample size; (2) Average age of participants; (3) Reporting of CR determinants; (4) Measurement of cognitive functions; (5) Reporting results of the statistical analysis. The overall quality of evidence was indicated as 'low', 'moderate' or 'high' (Note 2 in Supplemental Online Material).
Categorization methods
For data presentation and synthesis, we used MindMaple Pro (http://www.mindmaple.com/), a concept mapping software, which allows for visual organization of complex associations onto a mind map (tree). The relevant data categories mapped on the tree were the following:
( 
Data presentation
We presented the main data within the created trees. An individual CR model was treated as a separate entity within a study, and thus was assessed and displayed separately, if it involved a unique cognitive domain and a unique neuropathological biomarker. If the only difference between models included controlled variables, these models underwent separate quality assessment but were not displayed as separate models within the tree, unless the models had different quality scores. The overall quality score for every model was colorcoded according to the quality assessment criteria. It was possible for multiple models coming from the same study to appear in multiple sub-trees and on the opposite sides of the trees. Whenever there were multiple models to be displayed for a particular CR determinant, a tree was divided into individual compartments according to the study samples, i.e. separate sub-trees for healthy, MCI, dementia diagnosis and 'mixed' samples when appropriate. In every sub-tree, the presentation of associations for a CR determinant were divided into the ones where CR determinant provided reserve (Reserve +) and the ones where CR determinant did not provide reserve (Reserve ¡). To directly compare the effects of a CR determinant with respect to the type of cognitive impairment, the backgrounds behind data belonging to the same type of cognition on both sides of trees were labelled with the same color.
Data synthesis
A qualitative synthesis of the results was performed through a narrative approach based on the created trees. First, all studies and models concerned with a CR determinant were overall described. Second, a separate evaluation of a CR determinant according to cognitive group was performed (e.g. occupation in healthy cognition). Third, the summary of evidence for a CR determinant across all models was presented including limitations and future directions.
Results
Thirty-four studies out of 9229 screened records met our inclusion criteria (Table 1) and were therefore quality assessed (Table S2 in Underlying Research Material), data extracted and were mapped onto the trees for detailed analysis (Table S3 in Underlying Research Material).
Occupation as a CR determinant ( Figure S2 in Supplemental Online Material)
Descriptive
Overall, 6 studies including 15 separate CR models examined occupation as a reserve factor. Six models were performed in the context of healthy cognition, eight concerned impaired cognition including AD (n = 3), bvFTD (n = 3), and MCI (n = 2) patients. Out of the 15 models, seven were of high-, five of moderate-, and three of low-quality. Occupation was classified as a CR determinant in nine models (60%) with 44% of high quality and did not provide greater reserve in six models (3 high-, 2 moderate-, and 1 low-quality). Two studies examined occupational features and these models were placed on both sides of the tree within the dementia diagnosis group. The analysis of occupation as a CR determinant within healthy cognition presented inconclusive results. Due to single models in each tree branch, it was challenging to draw conclusions for the remaining groups.
Healthy cognition
The contribution of occupation to CR was domain specific. Two high-quality studies examined occupation as a CR determinant in cognitively healthy individuals. Staff et al. found occupation to be protective by preserving non-verbal reasoning (fluid intelligence) against both white matter hyperintensities (WMH) and atrophy and, by preserving immediate and delayed verbal memory against atrophy only . Occupation did not provide greater reserve against WMH in the context of immediate and delayed verbal memory. Murray et al. did not find any protective effects of occupation on general intelligence 'g' in face of WMH and whole brain or hippocampal atrophy after adjustment for childhood mental abilities, total intracranial volume and sex (Murray et al., 2011) .
Dementia diagnosis
Occupation contributed to reserve in five models across four different studies. In subjects with AD, occupation was protective against the cognitively deleterious effects of neuropathology estimated by fluorodeoxyglucose positron emission tomography (FDG-PET) (Garibotto et al., 2008) and by blood flow with 133Xe single-photon emission computed tomography (SPECT) (Stern et al., 1995) . In patients with bvFTD, occupation contributed to reserve with pathology measured using blood flow SPECT (Borroni et al., 2009) or FDG-PET (Spreng et al., 2011) and dementia severity. Several occupational features were not classified as CR determinants in AD (Stern et al., 1995) or bvFTD (Spreng et al., 2011) patients. Apart from the model by Stern et al. (1995) , all the models were adjusted for sex.
The moderate-quality study by Stern et al. (1995) and the low-quality study by Spreng et al. (2011) examined occupational characteristics in providing reserve in individuals diagnosed with dementia. Despite the differences in dementia type under investigation (AD (Stern et al., 1995) vs. bvFTD (Spreng et al., 2011) ), similar results were found. Occupations which were intellectually challenging ('substantive complexity'), socially interactive ('interpersonal skills' vs. 'verbal demands') and physically demanding ('physical demands' in both) but not perceptually challenging (perception/seeing as part of 'motor skills' factor vs. 'visuospatial demands') provided greater reserve. Both studies controlled for the effects of education and suggested that reserve provided by certain occupational profiles was independent of educational attainment. However, both studies had small samples (n = 51 and n = 31, respectively). The moderate-quality model reported protective effects of occupation on individuals with MCI condition at baseline who converted to dementia and whose neuropathology was estimated by FDG-PET (Garibotto et al., 2008) . Within the same study, this effect was not found among the non-converters.
Education as a CR determinant
Descriptive
Overall, 32 studies including 129 separate CR models examined education as a reserve factor against different types of neuropathology in individuals diagnosed with dementia (12 studies, 32 models), MCI (1 study, 2 models), cognitively healthy subjects (7 studies, 33 models), and within 'mixed' models (12 studies, 62 models). Out of the 129 models, 22 were of high-, 88 were of moderate-, and 19 of low-quality. Education was classified as a CR determinant in 75 models (58%) with 12% of those being of high quality and did not provide greater reserve in 54 models. Education was found to provide CR as follows: 38% of models in cognitively healthy, 61% of models in individuals diagnosed with dementia, in 66% of models in 'mixed' individuals. For the synthesis overview for education based on all mapped associations, see Figure S1 in Underlying Research Material.
Healthy cognition (Figure S2 in Underlying Research Material)
Seven studies including 33 models examined education as a potential CR determinant. Education was classified as a CR determinant in 13 models (5 high-, 7 moderate-and 1 lowquality) and did not provide greater reserve in 20 models (8 high-and 12 moderate-quality). The majority of models examined specific cognitive functions (n = 27) as opposed to global cognition. Eighty-five percentage of models were based on brain burden measured using magnetic resonance imaging (MRI). Of those, 20 quantified WMH as the primary measure of pathology including 13 originating from the same study (Dufouil, Alperovitch, & Tzourio, 2003) . Four models from a single study (Ewers, Insel, Stern, Weiner, & Alzheimer's Disease Neuroimaging Initiative, 2013) used FDG-PET. In a single model, the content of plasma Ab40 and Ab42 was measured as a proxy for brain pathology (Yaffe et al., 2011) .
Seven models found education to be protective by preserving general cognition against a variety of neuropathological biomarkers including WMH, a combination of total brain or hippocampal atrophy with WMH, glucose metabolism, and the content of plasma Ab40 and Ab42. All of the models which did not find education to contribute to CR were concerned with specific cognitive domains as opposed to global cognition. Ten models from four studies examined the speed of information processing, otherwise called 'logical intelligence', in the context of MRI biomarkers. In eight models from three studies (Christensen et al., 2007 (Christensen et al., , 2009 with the adjustment for pre-morbid cognition, information processing was not spared from brain burden quantified by WMH or brain atrophy, even after gender stratification. The remaining two moderate-quality models of a single study presented with inconclusive results (Dufouil et al., 2003) ; education coded as a binary variable, but not when coded as a four-level variable, found to be protective by preserving processing speed against WMH.
Mixed (Figure S3 in Underlying Research Material)
Overall, 12 studies including 62 models examined education as a CR determinant. Education was classified as a CR determinant in 41 models (3 high-, 36 moderate-and 2 low-quality) and did not provide greater reserve in 21 models (5 high-and 16 moderate-quality). Within the models, cognitive functions were measured as dementia severity (n = 9), dementia diagnosis (n = 20), global cognition (n = 11), and specific cognitive functions (n = 16 in total). In the majority of models, brain autopsy was used to quantify the underlying neuropathology (n = 38); of those, 42% originated from a single study (Brayne et al., 2010) . In 11 models from a single study , PET was utilized to measure PiB ligand uptake. A single model used a combination of medial-temporal lobe atrophy quantified with MRI and the CSF content as a proxy for brain burden (Negash et al., 2013) . In two models originating from a single study, FDG-PET was used to measure glucose metabolism (Garibotto et al., 2008) . Five models from a single study examined Ab1-42, Tau, and Phospho-Tau 181 in CSF (Roe et al., 2011) . In a single model, plasma Ab40 and Ab42 were measured as a proxy for brain pathology (Yaffe et al., 2011) .
The dementia diagnosis group has been populated with models originating from three studies (Brayne et al., 2010; Roe, Xiong, Miller, & Morris, 2007; Roe, Xiong, Miller, Cairns, & Morris, 2008) which utilized brain autopsy and most of these models confirmed the protective effect of education. The strongest evidence was found for neuritic plaques confirmed by three models (1 of high-and 2 of moderate-quality) originating from two studies (Brayne et al., 2010; . Additionally, education was classified as a CR determinant against neuritic plaques by protecting specific cognitive domains including episodic memory, semantic memory, working memory, perceptual speed and visuospatial ability (Bennett et al., 2003) .
Dementia diagnosis (Figure S4 in Underlying Research Material)
Overall, 12 studies including 32 models examined education as a potential CR determinant. Education was classified as a CR determinant in 20 models (10 moderate-and 10 low-quality) and did not provide greater reserve in 12 models (6 lowand 6 moderate-quality). The models were performed based on AD (n = 28), FTD (n = 2), LBD (n = 1), and VaD (n = 1) populations. The AD studies used a diverse set of neuropathological biomarkers. In eight models, FDG-PET was utilized to measure glucose metabolism. In three models, regional blood flow was measured with SPECT. In two models from a single study (Kemppainen et al., 2008) , PET was utilized to measure PiB uptake. Single models quantified cerebral blood flow with PET (Scarmeas et al., 2003) , white matter microstructure with diffusion tensor imaging (Teipel et al., 2009) , and subcortical hyperintensities with MRI (Lane, Paul, Moser, Fletcher, & Cohen, 2011) . Fifteen models from a single study (Dumurgier et al., 2010) examined the content of Ab1-42, total Tau, and Phospho-Tau 181 in CSF. None of the models in people with dementia was classified as of high-quality and none incorporated cognitive change in CR modelling.
In AD patients, the strongest evidence for education having a protective effect was found for glucose metabolism assessed using FDG-PET. This effect was confirmed by all six models utilizing FDG-PET across four different studies. However, five of these models were classified as low-quality and only one was of moderate-quality. A single AD study in which brain pathology was quantified as the content of Ab1-42, total Tau, and Phospho-Tau 181 in CSF did not find education to provide CR (Dumurgier et al., 2010) . Education was classified as a CR determinant in FTD patients in face of pathology quantified by regional blood flow SPECT and FDG-PET. Only single studies examined education as a potential CR determinant within LBD (Perneczky et al., 2007) and VaD (Lane et al., 2011) patients and both showed a protective effect of education on dementia severity.
MCI (Figure S5 in Underlying Research Material)
Only a single study including two models examined education as a CR determinant. Education was classified as a CR determinant in a single model among individuals with MCI at baseline who converted to dementia and whose neuropathology was estimated with FDG-PET (Garibotto et al., 2008) ; this effect was not found among the non-converters.
Other CR determinants (Figure S3 in Supplemental Online Material) Overall, 12 models examined CR determinants other than education or occupation. Of the 12 models, one was of highand 11 were of moderate-quality. Four moderate-quality models from three studies examined leisure activities or midand late-life cognitive activities within AD, FTD, and 'mix' populations. Pre-morbid leisure activities were protective against the cognitively deleterious effects of the neuropathology quantified by cerebral blood flow with PET in AD population (Scarmeas et al., 2003) . Mid-late-life cognitive leisure activities were protective by preserving general cognition against global neuropathology based on brain autopsy in the 'mixed' population . However, leisure activities were not protective against pathology quantified by blood flow with SPECT in FTD patients (Borroni et al., 2009 ). These findings suggest that the potentially protective effects of leisure activities might be disease specific.
Only single studies examined socio-economic status (SES), bilingualism, and personality as CR determinants. SES did not provide greater CR against global neuropathology based on brain autopsy in the 'mix' population . Bilingualism was found to be a CR determinant against linear measurements of brain atrophy quantified with computed tomography (CT) in AD patients (Schweizer, Ware, Fischer, Craik, & Bialystok, 2012) . Low neuroticism and high conscientiousness, but not extraversion, openness or agreeableness, provided individuals with resilience to AD neuropathology quantified post-mortem (Terracciano et al., 2013) .
Discussion
This is the first systematic literature review on CR which (1) is based on studies employing a high-quality conceptualization and a measure of CR; (2) is concerned with practical and potentially modifiable sources of CR that could have remediating effects on the aging brain; (3) evaluates the temporality of CR determinants across multiple measures of brain pathology and across the spectrum of cognitive functions in health and disease; (4) utilizes software which allows for visual organization of complex associations to present and analyze the extracted data. Among the included studies, 144 out of 156 models examined education and occupation as potential CR determinants -the most commonly studied factors within any CR studies ; within healthy populations suitable to inform preventative interventions: (1) there was consistent evidence for education having a protective effect on general cognition in face of multiple brain burden measures; (2) the analysis of occupation as a potential CR determinant presented inconclusive results. Only three studies examined other potential CR determinants.
Occupation summary
The analysis of occupation as a potential CR determinant within healthy cognition presented inconclusive results. Based on two studies, occupation protects specific cognitive functions as opposed to general cognition, independently of childhood mental abilities. Also, it provides greatest resilience against total brain atrophy as opposed to WMH or a composite score of brain pathology measures. Two studies suggested that occupations which are intellectually challenging, more interactive and physically demanding may provide reserve against the clinical expression of AD and FTD pathology quantified by SPECT and FDG-PET independently of educational attainment. Since specific occupational features were differentially associated with reserve, further studies with large sample size need to explore the facets of occupation, especially among cognitively healthy individuals. In this context, studies quantifying brain atrophy and WMH lesions with MRI are warranted. For every branch of the entire tree, only models from a single study were identified; multiple studies in exactly the same context (disease, measure of cognition and pathology) are needed to establish the true effect of occupation as a CR determinant.
Education summary
Education was found to be protective in the majority of the models within dementia diagnosis and 'mixed' but not cognitively healthy groups. Possibly, this finding is driven by the fact that in individuals diagnosed with dementia, the threshold of brain burden for a clinical outcome to occur is well captured within the statistical models that allow education to be significantly associated with CR. Based on the 'mixed' models, education does not provide resilience to age-related cognitive impairment in face of neurofibrillary tangles but it acts as a CR determinant against diffuse plagues for specific cognitive domains. This finding reflects the hypothesis that amyloid deposition in the form of plaques precedes the appearance of tangles in the disease process -education might cope with plaque pathology at an earlier stage of the disease but not with tangle pathology when neurodegeneration is more severe (Bennett, Schneider, Wilson, Bienias, & Arnold, 2005) .
This review provides evidence for education having a protective effect on general cognition in face of multiple measures of brain burden. The results also suggest that age-related decline in information processing speed, a subset of fluid ability, might not be spared by providing individuals with more education. In the light of the significant influence of education on general cognition, this finding is somewhat surprising because decline in information processing speed is believed to drive the overall age-related cognitive deficits (Deary et al., 2009) . The issue might be statistical in nature whereby combined cognitive tests have a greater predictive power for education. Also, within a single study (Dufouil et al., 2003) education coded as a binary variable, but not as a four-level variable, preserved processing speed against WMH. By categorizing education into a four-level variable, the power for detecting differences between groups was reduced and possibly explains why education was not a CR determinant in this model. Closer attention should be paid to the categorization of education and other CR determinants, not only because of statistical reasons but also because of better translation of findings into policy and practice.
Assessing quality of the review
Our systematic literature review has multiple strengths. Overall, more than 9000 records were screened and 34 studies met the inclusion criteria as prescribed by the PRISMA guidelines. We used strict eligibility criteria and accepted only studies which included in a single statistical model the measurements of dementia-related neuropathology, cognitive function, and CR determinants. Unlike other previous reviews concerned with CR, we categorized and assessed individual models within accepted studies according to the modality used to quantify brain pathology within dementia, mild cognitive impairment and healthy aging. There are also potential limitations of our findings and the review's process. First, variation in CR definition made comparison across studies difficult. Second, whenever statistical models differed only by included controlled variables, they underwent separate quality assessment but were collapsed to a single tree box unless the models had different quality scores. Such simplification could have skewed the results towards studies relying on the limited number of statistical models but was necessary for the enhancement of visual data synthesis. Third, as part of the quality assessment, we did not rate brain pathology biomarkers because of the assumption that all of them correlate to some extent with underlying pathology, albeit that autopsy is the gold standard (Murray, 2012) .
Future directions
Identifying a significant CR determinant might not necessarily provide greater insights into how the neural pathways underlying CR phenomena work (Whalley, 2015) . Nevertheless, a practical and a potentially modifiable source of CR would inform the design of effective and scalable interventions that have remediating effects on the aging brain (Staff, 2012) . Our study offers several suggestions for future directions.
First, further research on potentially modifiable determinants of CR beyond education and occupation is required. For example, CR depletion is involved in one of the mechanistic pathways underlying the association between age-related hearing impairment (ARHI) and cognitive decline in older age (Panza, Solfrizzi, & Logroscino, 2015) , and ARHI is potentially modifiable. Second, few studies investigated how multiple life-course determinants of CR relate to each other . For example, the possible interactions between education/occupation/pre-morbid cognition in providing reserve have been understudied. Importantly, (1) further information on specific features of CR determinants, such as their quality; (2) the standardization of the theoretical and statistical definition of CR for comparability of results; and (3) understanding the impact of CR determinants within cognitively healthy populations, will all inform the design of novel preventative interventions. Finally, our review identified the knowledge gap in the context of CR whereby the early-life determinants of resilience to cognitive aging have not been sufficiently explored. To date, most studies have focused on the potential to modify CR within late-life even though it is widely acknowledged that CR is malleable throughout life (Stern, 2012) . None of the studies has addressed how intrauterine and other early life risk factors contribute to the formation and retention of CR through late-life. This seems surprising in the light of Barker's hypothesis regarding the developmental origins of health and disease (DOHaD) recently extended to the fields of brain development and mental health (Van den Bergh, 2011).
Conclusion
Within healthy population suitable to inform preventative interventions, our findings suggest that education has a protective effect on general cognition in the face of multiple brain burden measures, while occupation as a potential CR determinant presented inconclusive results. Research on modifiable determinants of CR beyond education/occupation and including early-life factors is required. Further information on specific features of CR determinants and the consensus on CR definition will inform the design of future interventions.
